Lee DH, Huang H, Choi K, Mantzoros C, Kim YB. Selective PPAR␥ modulator INT131 normalizes insulin signaling defects and improves bone mass in diet-induced obese mice. Am J Physiol Endocrinol Metab 302: E552-E560, 2012. First published January 3, 2012; doi:10.1152/ajpendo.00569.2011.-INT131 is a potent nonthiazolidinedione (TZD)-selective peroxisome proliferator-activated receptor-␥ modulator being developed for the treatment of type 2 diabetes. In preclinical studies and a phase II clinical trial, INT131 has been shown to lower glucose levels and ameliorate insulin resistance without typical TZD side effects. To determine whether the insulinsensitizing action of INT131 is mediated by effects on insulinmediated glucose homeostasis and insulin signaling, high-fat dietinduced obese (DIO) insulin-resistant mice treated with INT131 were studied. INT131's effects on bone density were also investigated. Treatment with INT131 enhanced systemic insulin sensitivity, as revealed by lower insulin levels in the fasted state and an increase in the area above the curve during an insulin tolerance test. These effects were independent of changes in adiposity. Insulin-stimulated PI3K activity in skeletal muscle and adipose tissue of DIO mice was significantly reduced ϳ50 -65%, but this was restored completely by INT131 therapy. The INT131 effects on PI3K activity are most likely due to increased IRS-1 tyrosine phosphorylation. Concurrently, insulin-mediated Akt phosphorylation also increased after INT131 treatment in DIO mice. Importantly, INT131 therapy caused a significant increase in bone mineral density without alteration in circulating osteocalcin in these mice. These data suggest that a newly developed insulin-sensitizing agent, INT131, normalizes obesity-related defects in insulin action on PI3K signaling in insulin target tissues by a mechanism involved in glycemic control. If these data are confirmed in humans, INT131 could be used for treating type 2 diabetes without loss in bone mass.
INSULIN INCREASES GLUCOSE TRANSPORT AND METABOLISM by activating a cascade of signaling events in the skeletal muscle and adipose tissue (10) . Resistance to insulin's effects on glucose metabolism in these tissues is a major contributor to the pathogenesis of insulin-resistant states such as obesity and type 2 diabetes (18) . Intense studies have focused on identifying the key steps in the insulin-signaling pathway that are responsible for stimulation of glucose transport, which is dysregulated in insulin-resistant states (36) . It is clear that the activation of phosphatidylinositol 3-kinase (PI3K) is necessary for the regulation of insulin-induced glucose transport in insulin target tissues/cells (12, 28, 34) . Impaired insulin-dependent PI3K activity has been observed in the skeletal muscle of type 2 diabetic subjects (6, 25) and insulin-resistant animals (11, 19) .
Thiazolidinediones (TZDs) are a class of insulin-sensitizing agents used to treat type 2 diabetic patients (37) . The molecular targets of these compounds are thought to include the nuclear receptor peroxisome proliferator activated receptor-␥ (PPAR␥), which regulates the expression of numerous genes that play a role in glucose and lipid metabolism (20) . Evidence suggests that TZDs ameliorate insulin resistance in skeletal muscle of humans primarily by increasing insulin-stimulated glucose disposal. This effect is thought to be mediated via the PI3K signaling pathway in skeletal muscle (4, 17, 24) . However, there have been discussions about the therapeutic effects of the currently available TZDs in the management of type 2 diabetes (21) . The major concern of the TZD PPAR␥ agonists is that they have problems in fluid retention and weight gain and the increased risk of congestive heart failure (21, 33, 39) . Additionally, TZD treatment has been shown to decrease bone mineral density in type 2 diabetic humans and animals (16, 21, 27, 40) . Moreover, increased numbers of peripheral fractures were seen in patients with type 2 diabetes treated with pioglitazone or rosiglitazone (16, 39) . Thus, it is critical to develop a new agent that minimizes unwanted side effects.
INT131 is a potent non-TZD-specific PPAR␥ modulator and is currently in clinical trials for treatment of type 2 diabetes (15, 26, 32) . INT131 binds to PPAR␥ in the same binding pocket as other TZDs but occupies a unique area in the pocket and contacts the receptor at distinct points from the TZDs (32) . Because of this unique property, INT131 may have distinct patterns of gene transcript induced by PPAR␥, which ultimately leads to different biological effects on glucose metabolism and adipocyte function. Indeed, INT131 has little effect on lipid accumulation in 3T3-L1 adipocytes, whereas TZDs enhance this (32) . This effect is thought to be due to modest induction of adipogenic molecules, which are target genes of PPAR␥ (32) . This agent is also potent and highly efficacious in reducing glucose levels in animal models of type 2 diabetes but causes much less weight gain and volume expansion than rosiglitazone (14, 15) . However, the molecular mechanisms underlying the insulinsensitizing action of INT131 are largely unknown, although they are thought to result, at least in part, from increased circulating adiponectin levels (15) .
In this study, we investigated whether the insulin-sensitizing effects of INT131 could involve the reversal of the demonstrated defect in insulin-stimulated signaling in an insulin resistance model made by high-fat feeding. Our results show that INT131 therapy ameliorates insulin sensitivity by improving insulin signaling in diet-induced obese (DIO) mice in the absence of adverse effects on bone density.
MATERIALS AND METHODS

Animals
Study of db/db mice. Male leptin receptor-deficient (db/db; 6 wk of age) and lean littermates were obtained from The Jackson Laboratory and fed a standard chow diet (PMI Feeds, St. Louis, MO) ad libitum. After 2 wk of environmental adjustment, db/db mice at 9 wk of age were treated with a vehicle (1% methylcellulose), INT131 (0.1, 1, or 10 mg/kg body wt), or pioglitazone (10 mg/kg body wt) by oral gavage for 2 wk (n ϭ 5-6 in each group).
Study of diet-induced obese mice. Male C57BL/6 mice (6 wk of age; The Jackson Laboratory) were fed a high-fat diet for 15 wk, with 58% kcal from fat (D12331; Research Diets). At 21 wk of age, mice were treated with a vehicle (1% methylcellulose), INT131 (10 mg/kg of body wt), or pioglitazone (10 mg/kg) by oral gavage for 7 wk (n ϭ 8 -12 in each group). Mice fed a normal chow diet were also treated with a vehicle and used as a normal control group.
General protocols. All of the mice were allowed to access their experimental or control diets ad libitum and were housed under controlled temperature at 24°C and a 12:12-h light-dark cycle, with light from 6:30 AM to 6:30 PM. All aspects of animal care and experimentation were conducted in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85-23, revised 1996) and were approved by the Institutional Animal Care and Use Committee of Beth Israel Deaconess Medical Center.
Metabolic and Other Measurements
Blood was collected from randomly fed or overnight-fasted mice via tail bleed between 8 and 10 AM. Blood glucose was measured using a OneTouch Ultra glucose meter (LifeScan, Milpitas, CA). Serum insulin (Crystal Chem, Chicago, IL) and osteocalcin (Biomedical Technologies) were measured by enzyme-linked immunosorbent assay. Bone mineral density (BMD) was measured in the whole body except for the skull and tail, which were measured with dual X-ray absorptiometry (Lunar PIXIMUS, Madison, WI). For the glucose tolerance test (GTT), male mice were fasted overnight, and blood glucose was measured immediately before and 15, 30, 45, 60, 90, and 120 min after an intraperitoneal injection of glucose (1.0 g/kg body wt). For the insulin-tolerance test (ITT), food was removed for 5 h in the morning, and blood glucose was measured immediately before and 15, 30, 60, 90, and 120 min after an intraperitoneal injection of human insulin (1.5 U/kg body wt of db/db mice or 0.75 U/kg body wt of DIO mice; Humulin R; Lilly). For ITT, the area above the curve is the appropriate analysis because insulin promotes glucose disposal, and the glucose values go down from baseline after insulin injection. The area is calculated on the basis of trapezoidal areas defined by each data point as a function of time. Thus, the greater the area above the curve, the more insulin is promoting glucose disposal, reflecting increased insulin sensitivity. By contrast, with a GTT curve, glucose rises above the baseline as a function of time, and there it is appropriate to calculate the area under the curve.
Acute Insulin Stimulation
For injection experiments, DIO mice treated with INT131 or pioglitazone were fasted overnight. On the day of the experiment, a bolus injection of insulin (10 U/kg body wt; Humulin R) was administered through the tail vein. Six minutes later, the gastrocnemius muscle, epididymal adipose tissue, interscapular brown adipose tissue, and heart were rapidly removed, weighed, frozen in liquid nitrogen, and stored at Ϫ80°C until analysis.
Preparation of Muscle Lysates
Fifty milligrams of tissue was homogenized using a polytron at half-maximum speed for 1 min on ice in 500 ml of buffer A (20 mM Tris, pH 7.5, 5 mM EDTA, 10 mM Na 4P2O7, 100 mM NaF, 2 mM Na3VO4) containing 1% Nonidet P-40, 1 mM PMSF, 10 g/ml aprotinin, and 10 g/ml leupeptin. Tissue lysates were solubilized by continuous stirring for 1 h at 4°C and centrifuged for 10 min at 14,000 g. The supernatants were stored at Ϫ80°C until analysis.
Determination of PI3K activity
Tissue lysates (500 g of protein) were subjected to immunoprecipitation for 4 h at 4°C with 5 l of a polyclonal insulin receptor substrate-1 (IRS-1) antibody (1:100 dilution; gift from Dr. Morris White, Children's Hospital, Boston, MA) coupled to protein A-sepharose (Sigma, St. Louis, MO). The immune complex was washed, and PI3K activity was determined as described previously (22) .
Immunoblotting Analysis
Tissue lysates (20 -50 g of protein) were resolved by SDS-PAGE and transferred to nitrocellulose membranes, as described previously (29 , and glyceraldehyde-3-phosphate dehydrogenase (Santa Cruz Biotechnology). The bands were visualized with enhanced chemiluminescence and quantified by densitometry (8) . All phosphorylation data were normalized by total protein levels.
Statistical Analysis
Data are expressed as means Ϯ SE. Differences between two groups were assessed using unpaired two-tailed t-tests and among more than two groups by ANOVA. Data involving more than two repeated measurements were assessed by repeated-measures ANOVA. When a significant difference was found in ANOVA, post hoc analyses were performed with Fisher's protected least significant difference test. Differences were considered significant at P Ͻ 0.05. Analyses were performed using StatView software (BrainPower).
RESULTS
Effect of INT131 on Glucose Level and Insulin Sensitivity in Mice with Obesity and Type 2 Diabetes
It is clear that TDZs have a glucose-lowering and antidiabetic effect by enhancing insulin's ability to increase glucose use in rodents and humans (15, 33) . To determine whether INT131 treatment, a potent non-TZD-selective PPAR␥ modulator (SPPARM), alters glucose metabolism in vivo, obese diabetic db/db mice were treated with 0.1-10 mg/kg for 2 wk. As an experimental control, pioglitazone (10 mg/kg) was used for all studies. After 2 wk of treatment, glucose levels in the fed state of db/db mice were not significantly different at doses of 0.1-1.0 mg INT131 treatment. However, at a dose of 10 mg, INT131 caused a significant decrease in glucose levels in db/db mice compared with vehicle-treated db/db mice ( Fig. 1, A and B) . As expected, fed glucose levels were greatly reduced by ϳ60% in pioglitazone-treated db/db mice (Fig. 1, A and B) . The magnitude of reduction of glucose levels in INT131-treated mice is similar to that of pioglitazonetreated db/db mice. The levels of glucose in the fasting state were also notably decreased by INT131 treatment in db/db mice (not shown). To determine the effects of INT131 on whole body insulin sensitivity, we performed ITTs on db/db mice. During the course of ITT, glucose levels at all time points examined were significantly decreased in db/db mice treated with 10 mg of INT131 compared with db/db mice treated with a vehicle. Similar results were observed in pioglitazone-treated db/db mice (Fig.  1C) . Compared with vehicle-treated mice, insulin-stimulated percent decreases in glucose levels during the ITT (15-60 min) were significantly enhanced by 113% for INT131-treated mice and 77% for pioglitazone-treated mice. These data were calculated by normalization to baseline glucose levels (0 time point) and expressed as insulin-stimulated percent changes in glucose levels. However, lower doses (0.1 or 1 mg) of INT131 had no effect on glucose levels in db/db animals (Fig. 1C) . Collectively, these results suggest that INT131, with an effective antidiabetic dose of 10 mg/kg of body wt, had a blood glucose-lowering effect and insulin-sensitizing effect in mice with obesity and type 2 diabetes. These effects are very similar to those of pioglitazone, which is widely used for treatment of type 2 diabetic patients.
Effect of INT131 on Metabolic Parameters in DIO Mice
To further determine whether INT131 treatment improves glucose homeostasis in a physiological insulin-resistant state, mice were fed a high-fat diet for 15 wk, followed by 7 wk of INT131 treatment. At the end of high-fat feeding, body weight was notably increased in high-fat-fed mice compared with chow diet-fed mice. However, both INT131 and pioglitazone had no effect on weight gain in high-fat feeding (Fig. 2A) . Interestingly, when normalizing body weight, epididymal fat mass was decreased significantly by pioglitazone treatment compared with the value of the vehicle treatment (Fig. 2B) . INT131 therapy tended to decrease epididymal fat amount, but the difference was not statistically significant (Fig. 2B) . No   Fig. 4 . INT131 treatment ameliorates insulin-stimulated phosphatidylinositol 3-kinase (PI3K) activity in the skeletal muscle of diet-induced mice. Male mice were fed a high-fat diet for 15 wk, and mice were treated further with a vehicle, INT131 (10 mg/kg), or pioglitazone (10 mg/kg) by oral gavage for 7 wk. After an overnight fast, mice were injected intraperitoneally with saline (gray bars) or 10 U/kg insulin (black bars). Ten minutes later, muscle was removed. Muscle lysates were subjected to immunoprecipitation with an insulin receptor substrate-1 antibody. PI3K activity was measured and quantitated using a phosphorimager. Data are means Ϯ SE for 8-12 mice. **P Ͻ 0.01 vs. control mice; #P Ͻ 0.05 vs. vehicle-treated mice. differences were observed in interscapular brown adipose tissue or liver weight among the groups (data not shown). A high-fat diet caused a significant decrease in heart weight in mice. Interestingly, the mass of the heart by INT131 treatment was reduced compared with vehicle treatment, but pioglitazone treatment had no effects (Fig. 2C) .
After 7 wk of treatment, fasting blood glucose levels were decreased significantly in INT131-treated mice compared with vehicle-treated mice (Fig. 2D) . INT131 showed a glucoselowering effect similar to pioglitazone (Fig. 2D) . In addition, treatment of mice fed a high-fat diet with INT131 caused a significant decrease in insulin levels compared with vehicletreated mice (Fig. 2E) . Similar effects were seen in pioglitazone-treated mice (Fig. 2E) . These data suggest that INT131 may exert beneficial effects on glycemic control in insulinresistant mice with obesity.
INT131 Increases Insulin Sensitivity in DIO Mice
To determine the effects of INT131 on glucose tolerance and insulin sensitivity, we performed GTTs and ITTs in DIO mice.
As expected, glucose tolerance was impaired in high-fat-fed mice compared with control mice. However, neither INT131 nor pioglitazone treatment had an effect on glucose tolerance in DIO mice, as indicated by similar areas under the glucose curve during the GTT (Fig. 3, A and B) . DIO mice were insulin resistant, as evidenced by the lack of a decrease in blood glucose levels after insulin injection (0.75 U/kg body wt), whereas in mice treated with INT131 or pioglitazone, glucose levels decreased significantly after insulin injection (Fig. 3C) . The area above the glucose curve was decreased by 70% in DIO mice (P Ͻ 0.001) compared with control mice (Fig. 3D) . However, this decrease was improved ϳ40% by INT131 or pioglitazone treatment (Fig. 3D) , suggesting the enhancement of insulin sensitivity.
INT131 Ameliorates Insulin Signaling in Skeletal Muscle of DIO Mice
To explore the mechanism by which INT131 improves insulin sensitivity in DIO mice, we measured the ability of insulin to activate PI3K and multiple distal pathways in skel- etal muscle. Because a low dose of INT131 had no effect on insulin sensitivity (not shown), we studied only a high dose of animals that were treated with 10 mg/kg of INT131 or pioglitazone. Insulin-stimulated PI3K activity associated with IRS-1 in skeletal muscle of DIO mice was significantly reduced by ϳ50% compared with normal diet-fed mice. However, this was completely restored by INT131 therapy (Fig. 4) . The INT131 effects on PI3K are most likely due to increased IRS-1 tyrosine phosphorylation (Fig. 5) . Similarly, INT131 treatment was associated with normalization of impaired Akt activation in the skeletal muscle of DIO mice (Fig. 5) . Interestingly, S6 phosphorylation induced by insulin was decreased dramatically after INT131 treatment despite normal S6K phosphorylation (Fig. 5) . The levels of IRS-1 protein in skeletal muscle were notably decreased by a high-fat diet, but these effects were ameliorated by INT131 or pioglitazone treatment (Fig. 5) . Protein expressions of other signaling molecules, including p110␤, Akt, S6K, and S6, were unaltered after INT131 and pioglitazone treatment (Fig. 5) .
INT131 Improves Insulin Signaling in Adipose Tissue of DIO Mice
To further investigate the mechanism of INT131-mediated insulin-sensitizing effects, we measured insulin signaling in adipose tissue of DIO mice treated with INT131. Similar to muscle, in adipose tissue of DIO mice, IRS-1-associated PI3K activity induced by insulin was also greatly reduced, by ϳ62%, compared with control mice. Importantly, INT131 therapy but not pioglitazone therapy normalized this defect of PI3K activity to the normal level (Fig. 6 ). These effects arose mainly from both increased IRS-1 tyrosine phosphorylation and increased p110␤ catalytic subunit expression of PI3K in adipose tissue (Fig. 7) . IRS-1 protein levels were unaltered by INT131 therapy. Interestingly, insulin-stimulated Akt phosphorylation in DIO mice was increased by high-fat feeding and further increased with INT131 treatment (Fig. 7) . Treatment of DIO mice with INT131 also restored impaired IR tyrosine phosphorylation without change in IR protein levels (Fig. 7) . INT131 treatment increased pS6K phosphorylation, whereas it decreased S6 phosphorylation compared with vehicle-treated DIO mice (Fig. 7) .
Effect of INT131 on BMD and Serum Osteocalcin Level
To test the possibility that INT131 could play a role in regulating bone metabolism, we measured BMD and serum osteocalcin levels in DIO mice that were treated with INT131. Circulating osteocalcin level, a biochemical marker of bone formation, was reduced in DIO mice compared with control mice (Fig. 8B) . After 7 wk of treatment with INT131 or pioglitazone, osteocalcin level tended to increase, but differences were not statistically significant (P Ͻ 0.10; Fig. 8B ). Interestingly, BMD was increased significantly in INT131-treated mice compared with DIO mice treated with a vehicle or pioglitazone. However, pioglitazone treatment had no effect on BMD in DIO mice (Fig. 8A) .
DISCUSSION
Normal insulin signaling is essential in maintaining glucose homeostasis (36) . In the insulin-signaling pathway, IRS-1 and PI3K are thought to be key steps necessary for the regulation of insulin-dependent glucose transport and metabolism in insulin-sensitive tissues (11, 19, 36) . Impairment in insulinstimulated PI3K activity associated with IRS-1 is an important contributor to the pathogenesis of insulin-resistant states such as obesity and type 2 diabetes (18, 41). The present study was designed to determine whether the defects in PI3K signaling observed in insulin-resistant animals could be restored by treatment with the insulin-sensitizing agent INT131, a new non-TZD SPPARM. Here, we show that INT131 treatment ameliorates the impairment of insulin-stimulated PI3K activity and enhances insulin-stimulated Akt activation in skeletal muscle and adipose tissue of insulin-resistant obese mice. INT131 therapy also improves BMD in these mice. These data suggest that the insulin-sensitizing action of INT131 on whole body glucose metabolism in insulin-resistant obese mice could be due to enhanced insulin signaling in skeletal muscle and adipose tissue. These effects concordantly occurred with enhancement of bone metabolism.
In past years, insulin-sensitizing TZDs agents have been widely used for patients with type 2 diabetes (38). However, there is accumulating evidence that undesirable side effects, including body weight gain, anemia, fluid retention, and congestive heart failure, were seen in type 2 diabetic patients or animals treated with these compounds (13, 16, 27) . Recent studies have developed a number of selective peroxisome proliferator-activated receptor modulators, including T2384, FK614, and PAR-1622, all of which are partial PPAR␥ agonists (23, 30, 31) . The beneficiary effect of these insulinsensitizing compounds is that antihyperglycemic activity occurred independently of typical side effects in diabetic animals (14) . Specifically, PAR-1622 or INT131 therapy does not increase plasma volume in ICR mice, whereas rosiglitazone therapy increases this (23, 26) . Collectively, these data raise Fig. 6 . INT treatment improves insulin-stimulated PI3K activity in adipose tissue of diet-induced mice. Male mice were fed a high-fat diet for 15 wk, and mice were treated further with a Veh, INT (10 mg/kg), or PIO (10 mg/kg) by oral gavage for 7 wk. After an overnight fast, mice were injected intraperitoneally with saline (gray bar) or 10 U/kg insulin (black bars). Six minutes later, muscle was removed. Adipose lysates were subjected to immunoprecipitation with an IRS-1 antibody. PI3K activity was measured and quantitated using a phosphorimager. **P Ͻ 0.01 vs. control mice; #P Ͻ 0.05 vs. Veh-treated mice.
the possibility that insulin sensitizers of selective PPAR␥ modulators, including INT131, are likely to be promising antidiabetic drugs that have excellent antihyperglycemic activity with a broad safety profile for fluid retention.
In this study, INT131 therapy was efficacious in decreasing plasma glucose levels and increasing insulin-stimulated glucose disposal in obese diabetic mice and DIO mice, suggesting improved insulin sensitivity. The antihyperglycemic action of this agent is aroused mainly from increased insulin stimulation of IRS-1/PI3K/Akt signaling in skeletal muscle, which is predominantly responsible for insulin-mediated glucose disposal. These data are supported further by the previous findings from human studies that troglitazone treatment restored insulinstimulated PI3K and Akt activity in skeletal muscle of obese type 2 diabetic subjects (24) . Thus, our data clearly suggest that the molecular mechanism by which INT131 exerts its effects on glycemic control is mediated through the key molecules of the insulin-signaling pathway, including PI3K signaling in skeletal muscle.
Given that INT131 can only partially activate classical PPAR␥ function (32) , it is hypothesized that this property may lead to different outcomes of the adipogenic phenotype when insulinsensitive cells/tissues are exposed to TZDs and/or INT131. Consistent with this notion, we found that epididymal fat mass in DIO mice was unaltered by INT131 but significantly decreased by pioglitazone despite similar body weight gain. This could be explained at least in part by the different redistribution of fat mass in these mice, as indicated by the evidence that the TZD-mediated weight gain may be due to an increase in subcutaneous adipose tissue and a decrease in visceral fat (38) . Although our study does not provide the precise mechanism of INT131's action on adipose tissue redistribution from visceral to peripheral fat depots, it is interesting that there is a different property on fat accumulation between a classic TZD and a selective modulator PPAR␥ INT131. Further data supporting this aspect include the experimental findings that INT131 treatment, but not pioglitazone treatment, greatly enhances insulin-mediated PI3K activity in adipose tissue, although improvements in glucose and insulin concentrations were similar with the two compounds. The improvement of PI3K induced by INT131 treatment may be due, at least in part, to increased expression of the p110␤ catalytic subunit of PI3K in adipose tissue but not in muscle. Therefore, it is likely that INT131 acts differentially on gene expression of p110␤ in a tissue-specific manner by unidentified mechanisms. However, what degree of enhancement in insulin activation of PI3K signaling in adipose tissue after INT131 treatment contributes to increased whole body glucose homeostasis remains unclear at this time.
A number of studies have demonstrated that PPAR␥ activity plays an important role in the maintenance of bone homeostasis (1, 2, 9, 13, 35). Inhibition of PPAR␥ activation leads to increased bone mass, which is likely due to increased osteoblastogenesis from bone marrow progenitor cells (1, 40) . However, activation of PPAR␥ induced by rosiglitazone, a full agonist of PPAR␥ and antidiabetic agent, causes significant reductions in bone mineral density and bone volume and changes in bone microarchitecture (2, 27) . Indeed, in type 2 diabetic patients treated with TZDs, bone loss is found (3, 5) , causing an increase in the risk of a fracture and unnecessary stress on the bone skeleton. These unwanted side effects have been of concern in treating type 2 diabetic patients with TZDs. In this regard, the present study suggest that INT131 may be a desirable drug that does not affect bone mass for humans with type 2 diabetes, as evidenced by the finding that INT131 therapy, but not pioglitazone, significantly improves bone mineral density in insulin-resistant obese mice. X-ray crystallography studies revealed that INT131 binds to PPAR␥ in the same binding pocket as TZDs but does not bind to PPAR␥ in exactly the same way as other full PPAR␥ agonists (32). This feature could induce different conformational changes in PPAR␥ affecting the status of PPAR␥ activity differently. These factors may explain the different outcome on bone mass in INT131-treated mice compared with pioglitazone-treated mice. Other potential mechanisms to explain INT131's effects on increased bone mass could be an increased number of osteoblasts or a decreased number of adipocytes in the skeleton. Future studies are required for a full investigation of bone metabolism and formation in response to INT131 in conjunction with clinical implications.
Recent evidence demonstrated that the cyclin-dependent kinase 5-mediated phosphorylation of PPAR␥ leads to the dysregulated expression of genes, including adipsin and adiponectin, both of which are inappropriately regulated in obesity, without altering its adipogenic capacity (7), suggesting a critical role for PPAR␥ phosphorylation in insulin resistance. This leads to the attractive possibility that the separation between PPAR␥ transcriptional activity and PPAR␥ phosphorylation may enable the development of selective antidiabetic modulators that will be of benefit for both glucose metabolism and undesirable side effects.
In conclusion, our results suggest that INT131 as a new selective PPAR␥ modulator is a favorable antidiabetic agent that has a significant glucose-lowering and insulin-sensitizing effect in insulin-resistant obese mice. The mechanism responsible for this is involved in enhanced insulin's ability to increase key components of signaling in skeletal muscle and adipose tissue. Specifically, INT131 has a safety profile for bone mass compared with other TZD PPAR␥ agonists.
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